• Patterns of intraspecific variation in the number of pollen tubes per style in naturally pollinated plants are poorly known, yet that information is essential for assessing the frequency of occurrence and evolutionary implications of microgametophyte competition in the wild.
Introduction
Intraspecific variation in the size of pollen loads deposited on stigmas may influence both the number and quality of the eventual progeny. Threshold effects, nonlinear dose-response relationships, and maternal and paternal identity, act in concert to determine the number of seeds produced (Bertin, 1990; Waser & Price, 1991; Holm, 1994; Melser et al ., 1997; Mitchell, 1997; Bosch & Waser, 1999; Dieringer & Cabrera, 2002) . In addition, the amount of pollen deposited may also influence the quality of the progeny through the action of prefertilization (microgametophyte competition: Snow, 1986; Schlichting et al ., 1987; Winsor et al ., 1987 Winsor et al ., , 2000 and /or postfertilization mechanisms (selective abortion: Niesenbaum & Casper, 1994; Rigney, 1995; Havens & Delph, 1996; Niesenbaum, 1999; Melser & Klinkhamer, 2001) .
Recognition of the important role played by pollen load size in sexual plant reproduction has motivated a multitude of observational and experimental investigations dissecting, in considerable detail, the patterns and consequences of variation in size of stigmatic pollen loads. This contrasts sharply with the reduced number of investigations that have so far documented patterns of variation in the size of pollen tube populations for naturally pollinated plants in the wild (Levin, 1990; Honig et al ., 1992; Aizen & Feinsinger, 1994; Niesenbaum, 1994; Plitmann & Levin, 1996; Herrera J, 1997; Quesada et al ., 2001; Herrera CM, 2002) . This relative dearth of information is particularly striking, as patterns of natural variation in pollen tube numbers are important for at least the following three reasons. First, pollen load size is just a convenient proxy for the parameter actually influencing seed production and progeny quality, namely the number of pollen tubes that penetrate the stigma and enter the transmitting tissue of the style. It is the size of this microgametophyte population that will actually set an upper limit to the number of fertilizable ovules and, all else being equal, will also determine the possibilities of microgametophyte competition. Given the generally loose relationship existing between the number of conspecific, compatible pollen grains on the stigma and the eventual number of pollen tubes in the style (Snow, 1986; Aizen & Feinsinger, 1994; Herrera J, 1997) , the number of pollen tubes that penetrate the stigma is a more proximate variable in the reproductive success of flowers (Plitmann & Levin, 1996) . Second, direct measurements of pollen tube number and its relationship to ovule number are essential to assess where individual plants, populations or species stand along the gradient running from extreme pollination deficit (pollen tubes : ovules ratio <<1) to potentially intense competition between male gametophytes (pollen tubes : ovules ratio >>1). Documenting patterns of variation in pollen tube numbers within and between species may provide insights on intra-and interspecific patterns of variation in degree of pollen limitation and likelihood of microgametophyte competition. Third, information on the hierarchical apportionment of the variance of number of pollen tubes per pistil between and within individual plants is critical to evaluate the opportunity of selection on sporophytic plant traits influencing the frequency or strength of microgametophyte competition. The fraction of total population-wide variance in pollen tube number accounted for by between-individual differences will set an upper bound to the opportunity of selection on sporophytic characters (e.g. flower or inflorescence traits) potentially influencing degree of pollen tube competition (Herrera, 2002) .
Detailed information on the distribution ecology of pollen tube numbers in naturally pollinated populations will therefore allow us to address the following two broad questions: (1) Are conditions conducive to microgametophyte competition sufficiently frequent to generate significant selective forces enhancing microgametophyte competitive ability? (2) Does the spatial (between populations, between plants within populations, within plants) and temporal (between reproductive seasons) structure of variance in pollen tube number allow for consistent selection opportunities on sporophytic characters affecting microgametophyte competition levels? These two questions were addressed by Herrera (2002) in a previous study conducted on Iberian populations of the winterflowering perennial herb Helleborus foetidus L. (Ranunculaceae).
Distribution patterns of pollen tube numbers suggested that, in that species, microgametophyte competition was frequent, yet pollen tube populations were characterized by extremely fine-grained, temporally variable spatial mosaics, and most of total population-wide variance in pollen tube number per pistil was accounted for by variation occurring within individual plants. These earlier findings (see also Levin, 1990; Niesenbaum, 1994; Herrera J, 1997) suggested that, despite microgametophyte competition occurring frequently, there may be little opportunity for selection on sporophytic traits that would influence it (Herrera, 2002) . Nevertheless, detailed information on pollen tube populations is still available for very few plants, and further data from a broader spectrum of species are needed before serious generalizations can be made.
This paper describes patterns of spatial and temporal variation in pollen tube numbers in the style of naturally pollinated flowers of six species of southern Spanish insectpollinated Lamiaceae. The general objective of the study was to address questions (1) and (2) above, in order to test whether the main results of the preceding investigation on H. foetidus (Herrera, 2002) are corroborated in this disparate set of species. The specific questions addressed are: (3) Are interspecific differences in growth form, flowering time and pollinators related to variation in the size of pollen tube populations, inferred frequency of microgametophyte competition, or apportionment of variance between and within individual plants? For one of the species studied ( Lavandula latifolia Medicus), pollen tube data collected over several years from many populations and individuals will be used to address the following additional questions related to intraspecific variation: (4) To what extent do opportunities for microgametophyte competition, and the relative magnitude of withinand between-plant variance in pollen tube number per style, vary between populations?; and (5) Do differences between populations, and between plants of the same population, in mean size of pollen tube populations persist across years?
Materials and Methods
The information presented in this paper was collected during 1996 -2002 at 20 different sites located in the Parque Natural de Cazorla-Segura-Las Villas, Jaén province, south-eastern Spain (see Herrera, 2002 for a situation map; Valle et al ., 1989 and Luque, 1995 for descriptions of the region's vegetation). Locality names, geographical coordinates and other details of study locations are given in the Results section.
Interspecific patterns
Flower samples of Ballota hirsuta Benth., Lavandula latifolia Medicus, Marrubium supinum L., Phlomis lychnitis L., Rosmarinus officinalis L. and Teucrium rotundifolium Schr. were collected in March-August 2002. These species encompass a broad range of habitat types, growth habits, flower sizes and pollination modes (Table 1) . Taken together, their flowering periods extend over nearly 7 months, from March ( Rosmarinus ; each species is designated hereafter by genus name) through September ( Lavandula ). One representative population was sampled per species around the time of local flowering peak or shortly thereafter. Newly withered corollas that had fallen to the ground beneath plants ( Rosmarinus , Phlomis ), or dry corollas remaining attached to the calyx after anthesis, were collected on single dates at each population from 20 different plants ( n = 10 for Lavandula ) chosen as widely spaced as possible. Collected corollas (10 -12 per plant) were stored in vials filled with 2.5 : 2.5 : 95% formaldehyde : acetic acid : ethyl alcohol solution (FAA), separately for different individuals. In all species studied, the style always remains enclosed within withered corollas, and pollen tube counts conducted on this material reflect the final number of pollen tubes in the style at the end of the female stage (coincident with the end of the flower's life, as all species studied are protandrous). It must also be noted that, in the species studied here, persistence of the dry corollas with the enclosed styles was a species-specific trait and that, within species, all corollas either fell shortly after anthesis ( Rosmarinus , Phlomis ), or persisted for at least 1-2 wk (the rest of species) after anthesis, irrespective of whether the flower would eventually set fruit or not. This rules out the possibility of the sampling methods used leading to biased data with respect to the number of pollen tubes in styles (a bias of that sort would have been expected if, within a given species, persistence of corollas was contingent on pollination intensity).
Spatio-temporal patterns
Spatio-temporal components of intraspecific variation in pollen tube numbers were studied on Lavandula alone. Relevant aspects of the reproductive biology of this species have been described elsewhere (Herrera, 1987a (Herrera, , 1988 (Herrera, , 1991 (Herrera, , 1995b . In the Sierra de Cazorla region, this low evergreen shrub flowers in JulySeptember. Flowers are hermaphroditic, protandrous, have pale blue tubular corollas, and are produced over a short (3 -6 cm) terminal portion of long-stalked (up to 1.25 m high) inflorescences. Flowers are pollinated by a diverse insect assemblage comprising nearly 80 bee, fly and butterfly species.
Fifteen populations of Lavandula were studied in one or more years over the period 1996 -2002. They were distributed over a wide area of the Sierra de Cazorla (the two most distant populations were 55 km apart), and encompassed a range of habitat types including pine-dominated ( Pinus nigra or P. pinaster ) open woodlands, oak ( Quercus rotundifolia ) forest clearings, and open shrublands where Lavandula itself was dominant. In 1996, flowers from the 15 populations were sampled during 24 July − 14 August. At each site, corollas from 15 -20 newly withered flowers were collected from each of 20 plants, using the same general methods described under 'Interspecific patterns'. Pollen tube data from this large sample ( n = 5533 flowers, all populations combined) will be used for assessing patterns of intraspecific variation at a regional scale. Annual variation in pollen tube populations, and whether annual changes took place consistently across populations, were investigated on data from a subset of five populations that were sampled again in 1997 (29 July − 12 August). The geographical range of these populations was much more restricted than that of the whole 15-site set, the two most distant localities being only 6.2 km apart. The sampling scheme in 1997 involved collecting 20 -60 flowers from each of five or six plants in every population ( n = 900 flowers in total). At each site, individual plants sampled in 1997 were a random subset of those sampled in 1996.
Consistency across years of differences between individual plants in mean number of pollen tubes per style will be examined using data from marked shrubs that were sampled twice: six plants from Arroyo Aguaderillos (population no. 1) and five plants from Raso del Tejar (population no. 14) sampled on 1996 and 1997; and 10 plants from Arroyo Aguaderillos sampled in 2000 and 2002. Unfortunately many of the tags identifying the plants sampled in the extensive 1996 survey could not be found again in 1997, which precluded a more thorough study of interannual consistency of individual variation. The sampling scheme used in the Arroyo Aguaderillos population in 1997, 2000 and 2002 allowed dissecting withinplant variance in pollen tube numbers into its within-and amonginflorescence components, and assessing whether observed patterns remained consistent among years. Ten individual plants (six in 1997) were sampled there between 25 July and 18 August each year, with four to eight corollas from newly withered flowers being collected separately from each of five to 10 inflorescences per plant.
Laboratory methods
Preserved corollas were dissected in the laboratory to extract the enclosed style. The epifluorescence method of Martin (1959) was used to reveal pollen tubes. Styles were kept at 65 ° C for 20 min in 0.5 mol l − 1 NaOH (1 mol l − 1 was used for Phlomis ) for softening, rinsed in distilled water, and stained for 20 min at 65 ° C in decolorized aniline blue. The number of pollen tubes penetrating the stigma and reaching the basal third of the stylar canal was then counted under a fluorescence microscope. In two samples ( Teucrium and Phlomis ), the number of tubes was counted simultaneously at the basal and distal ends of the style. A close linear relationship between both measurements was found ( r = 0.919, n = 228 for Teucrium ; r = 0.810, n = 194 for Phlomis ). After penetrating the stigma, pollen tube attrition along the style was relatively unimportant in these two species. On average ( ± 1 SE), 88.3 ± 2.5% ( Teucrium ) and 80.7 ± 3.7% ( Phlomis ) of pollen tubes penetrating the stigma eventually reached the basal end of the style. These data, although referred to only two of the six species studied, provide support for using counts of pollen tubes at the basal third of the style as reliable descriptors of the size of pollen tube populations.
Statistical analyses
Statistical analyses were carried out using the SAS statistical package unless otherwise noted. Comparisons between species, population or individual plant means were performed with nonparametric Kruskal-Wallis analysis of variance (K-W ANOVA; Zar, 1984) , as implemented in SAS procedure NPAR1WAY. Variance components of pollen tube numbers at the various levels (populations, individuals within populations, inflorescences within plants) were estimated using the restricted maximum likelihood (REML) method, as implemented in procedure MIXED (SAS, 1996) . This procedure also provides approximate standard errors of variance component estimates. Procedure MIXED and REML estimation was also used for mixed-model ANOVAs. Interannual consistency in between-population and between-individual differences in mean size of pollen tube populations were assessed by testing the significance of the population × year and individual × year interactions, respectively, in two-way ANOVAs. When a significant interaction between main effects occurred, the SLICE option in the LSMEANS statement will be used to assess further the statistical significance of a given effect at the different levels of the other ('simple main effects'; Schabenberger et al ., 2000) .
Two complementary measures will be used to evaluate the likelihood of microgametophyte competition. On one side, the proportion of styles with number of pollen tubes > 4 (the number of ovules in the ovary of Lamiaceae) will provide a sporophyte-centred assessment of the frequency of situations where an excess of pollen tubes relative to ovule number will probably result in competition. In addition, a microgametophytecentred assessment will be obtained using the mean crowding index of Lloyd (1967) , m *, treating styles as 'quadrats' and pollen tubes as 'individuals'. In the context of this study, m * has a clear biological meaning, as it denotes the mean number per pollen tube of other pollen tubes in the same style. This index provides a quantitative evaluation of the within-style competitive environment faced by individual microgametophytes. Bootstrap estimates of confidence limits for m * were computed using S-Plus 2000 functions (Mathsoft, 1999) and the bias-corrected and accelerated percentile method (BCa; Efron & Tibshirani, 1993) with 5000 repetitions.
Results

Interspecific patterns
With the exception of Lavandula , the species of Lamiaceae studied were remarkably similar in the statistics describing the central tendency and dispersion of the number of pollen tubes per style at the population level (Table 2) . Excluding Lavandula , means and interquartile ranges were quite similar for all species. There was no significant heterogeneity among species in mean number of pollen tubes per style when data for Ballota , Marrubium , Phlomis , Rosmarinus and Teucrium are compared ( χ 2 = 6.14, df = 4, P = 0.19; K-W ANOVA). Lavandula stood apart from these species in having, on average, about twice as many pollen tubes per style and a largely nonoverlapping interquartile range ( Table 2) .
The number of pollen tubes per style spanned a broad range in all species, from values considerably lower to values considerably higher than four, the number of ovules in the ovary (Fig. 1) . The shape of the frequency distributions differed between species. Lavandula and Marrubium had approximately normal, unimodal distributions roughly centred around the mean, while distributions for Ballota , Phlomis, Rosmarinus and Teucrium were bimodal with one mode around zero and the other around four. The proportion of styles with more than four tubes (range = 26 -87%) suggests that situations conducive to microgametophyte competition were quite frequent in flowers of all species (Table 2) . Likewise, mean crowding indices (m*; range = 4.7-12.3) indicate that, in all species, individual pollen tubes had an average number of neighbour pollen tubes in the same style which exceeded the number of fertilizable ovules.
In all species, individual plants differed significantly in mean size of their pollen tube populations (Ballota, χ 2 = 73.75, Lloyd (1967) mean crowding index, m*. In parentheses, 95% confidence intervals of estimates determined by bootstrapping. Fig. 1 Frequency distributions of the number of pollen tubes per style in six species of Lamiaceae of the Sierra de Cazorla region, south-eastern Spain. A single population was sampled for each species in 2002. In each graph, shaded portion denotes area of distribution where the number of pollen tubes is ≤4, the number of ovules in the ovary. See Table 2 for sampling locations, sample sizes and summary statistics. df = 19, P < 0.0001; Lavandula, χ 2 = 29.80, df = 9, P = 0.0005; Marrubium, χ 2 = 30.80, df = 19, P = 0.042; Phlomis, χ 2 = 50.54, df = 19, P < 0.0001; Rosmarinus, χ 2 = 49.68, df = 19, P < 0.0001; Teucrium, χ 2 = 58.91, df = 21, P < 0.0001; K-W ANOVA). In quantitative terms, however, variation between plant means was always relatively minor in comparison with variation between the flowers of the same plant, as illustrated by the results of partitioning total intraspecific, population-level variance into its between-and within-plant components (Fig. 2) . The within-plant component of variance ranged between 67.9% (Ballota) and 92.3% (Lavandula) of total, and it was >80% in three other species (Marrubium, Phlomis, Teucrium) . A variance partitioning conducted on the data of the six species combined revealed that variation between species (23.2% of total variance) and between individuals within species (11.8% of total) in number of pollen tubes per style was relatively unimportant in comparison to variation within plants (65.0% of total). On average, therefore, the variance in pollen tube numbers between flowers of the same plant nearly doubled the variance between species and conspecific individuals combined.
Variation at population and individual levels
The 15 populations of Lavandula sampled in 1996 were significantly heterogeneous in mean number of pollen tubes per style (χ 2 = 466.6, df = 14, P < 0.0001; K-W ANOVA), population means ranging between 8.3 and 15.8 tubes/style (Table 3 ). No significant relationship was found between this variable and either population elevation (r s = 0.259, P = 0.35) or contiguousness to permanent streams (χ 2 = 0.07, df = 1, P = 0.79; K-W ANOVA), a variable known to influence pollinator composition and abundance in this species (Herrera, 1988) . No significant relationship was likewise found between the matrix of dissimilarity between populations (constructed using pairwise differences in mean pollen tubes per style) and the matrix of geographical distances (r = 0.044, P = 0.75; Mantel permutation test with 1000 repetitions). Both the proportion of styles with more than four tubes (range = 52-89%) and the mean crowding index (range = 12-18) varied widely between populations (Table 3) , and the high values found indicate ample opportunities for microgametophyte competition at all Lavandula populations studied.
Significant heterogeneity among individual Lavandula plants in mean number of pollen tubes per style was the rule in the populations studied. Differences between plant means were highly significant (P < 0.0005 or better) in 12 populations, and marginally significant in the other three (0.04 < P < 0.07). Despite statistical significance, however, differences between plant means were generally negligible in comparison with variation occurring between flowers of the same plant. Separate partitions of variance conducted for the different populations reveal that as much as 76-99% of population-wide variance in pollen tube numbers (mean ± SD = 85.6 ± 7.6%) was accounted for by within-plant variation (Table 3 ). The overwhelming importance of the within-plant variance is further highlighted by partitioning the total variance in pollen tube numbers for the 15 populations combined. Variance between populations accounted for 13.5% (SE = 1.5), variance between plants within populations for 8.4% (SE = 3.5), and variance between flowers of the same plant accounted for 78.0% (SE = 1.5) of the total regional variance in pollen tube numbers at the broad spatial scale encompassed by the 15 populations.
The flower sampling scheme adopted in 1997, 2000 and 2002 at the Aguaderillos population involved collecting flowers from five to 10 different, widely spaced inflorescences within each plant. This allowed for further partitioning the within-plant variance component in pollen tube numbers into within-and among-inflorescence components, and also for assessing the relative magnitude of these components in relation to between-plant variance. Results are summarized in Table 4 . In the three study years, nearly all the populationwide variance in pollen tube numbers occurring in the Aguaderillos population was accounted for by differences between flowers of the same inflorescence (87-93% of total). In neither year was there any detectable variance component attributable to differences between inflorescences of the same plant.
Annual variation
Five of the Lavandula populations studied in 1996 were sampled again in 1997. The effects of year, population, and their interaction on the number of pollen tubes were tested with a two-way ANOVA, with plant identity incorporated as a random effect. The effects of both population (F 4,116 = 3.73, P = 0.007) and year (F 1,116 = 12.16, P = 0.0007) were statistically significant, but these results cannot be interpreted separately because of the significant population-year interaction (F 4,116 = 4.64, P = 0.0016). Population means did not vary in unison from year to year in the five populations and, as a consequence, betweenpopulation differences did not remain consistent between years (Fig. 3) . The mean number of pollen tubes per style increased from 1996 to 1997 in four populations, and decreased in one population. The rank of population means in the two years were uncorrelated (r s = −0.1, P = 0.94), and the population with the largest average pollen tube populations in 1996 (population 3) became the one with the smallest population in 1997. Differences between populations were statistically significant in 1996 (F 4,116 = 12.50, P < 0.0001), but not in 1997 (F 4,116 = 1.87, P = 0.12; tests of simple main effects).
Consistency of individual variation
Using data from individual Lavandula shrubs that were sampled in different years, this section examines whether the differences between plants at a given population remained consistent across years. Three data sets will be considered: (I) five plants from The effects of individual, year and their interaction on mean number of pollen tubes per style were tested separately on each data set using two-way ANOVAs. As the individual and year main effects have already been considered, this section focuses on the individual-year interaction, which informs on the degree of consistency of individual differences across years.
The individual-year interaction was highly significant in data sets I (F 4,256 = 22.60, P < 0.0001) and II (F 5,435 = 7.32, P < 0.0001), and marginally significant in data set III (F 9,787 = 1.78, P < 0.068). In these populations and years, therefore, individual differences in mean number of pollen tubes per style did not remain consistent across years or, in other words, annual variation in mean number of pollen tubes per style at the population level did not affect all individual plants similarly (Fig. 4) . Tests of simple main effects indicate that, in each population, individual means changed significantly from one year to another in some individuals (four out of five plants in data set I; three out of six plants in data set II; six out of 10 plants in data set III), but not in others. As a result, the ranking of individuals with respect to mean pollen tube number changed drastically from one year to another. This was particularly marked in data sets I and II (Fig. 4) , where the ranking of individuals was reversed from 1996 to 1997, as denoted by the significant (r s = −1.000, P < 0.001; data set I) or nearly significant (r s = −0.754, P = 0.08) negative rank correlation coefficients. Plants with the densest pollen tube populations in 1996 thus turned into those having the sparsest ones in 1997, and vice versa (Fig. 4) .
Discussion
Interspecific patterns
The six species of Lamiaceae considered in this study differ widely in growth form, flowering season, inflorescence architecture, flower size and pollinators. In addition, they occupy a variety of habitat types, including dense Mediterranean-type sclerophyllous shrublands (Rosmarinus), sparse low scrub on xeric slopes (Phlomis, Lavandula), crevices in limestone cliffs (Teucrium) , meadows in open pine woodlands (Marrubium), and nitrified soil patches amidst boulders beneath high cliffs (Ballota). The finding of this study that a group of species otherwise so diverse are similar in most descriptive parameters of their pollen tube populations contrasts with initial expectations based on the species' disparity. Most species were remarkably similar in statistics describing the central tendency and dispersion of pollen tube numbers per style. Except for Lavandula, species means and ranges of variation of pollen tube numbers were almost identical in all species, whose means did not differ significantly. Furthermore, species were also quite similar in Table 3 . Values plotted are the model-adjusted, least-squares means resulting from a two-way ANOVA with year and population as main fixed effects, and plants as random effects (see text for statistical significance of effects). Sample sizes for 1996 are shown in Table 3 ; for 1997, n = 338, 136, 152, 93 and 181 flowers for populations 1, 3, 5, 9 and 14, respectively. exhibiting considerable opportunities for microgametophyte competition, as judged from both the sporophytic (proportion of styles with more than four pollen tubes) and gametophytic (mean crowding index) perspectives. Lavandula stood apart as the species where opportunities for microgametophyte competition were greatest, with 87% of styles having more than four tubes and a mean crowding index = 12 (each pollen tube had an average of 12 neighbour tubes in the same style).
In all species except Lavandula, pollen tube means were roughly equal to the number of ovules per ovary, and average pollen tube : ovule ratios (PT : O ratio hereafter) fell in a narrow range close to unity (1.15 -1.35). The PT : O ratios of these species are inferior to values previously reported in the literature for other naturally pollinated plants, which ranged between 1.5 and 5.2 (reviewed by Herrera, 2002) , and are only comparable to the low values obtained in the same study region for the winter-flowering H. foetidus (PT : O = 0.95; Herrera, 2002) . The values found in this study for the summer-flowering Lavandula (PT : O = 2.68) are higher, and fall within the interval reported in the literature for other plants. These results suggest a seasonal trend in my study region, with PT : O ratios increasing from winter-to summer-flowering species. Assuming that mean PT : O provides a rough indication of the opportunities of microgametophyte competition, such a seasonal trend would entail a parallel increase in the likelihood of microgametophyte competition, and a decline in the frequency of pollen limitation, from winter-through summer-flowering plants. This hypothesis needs to be substantiated by additional investigations on more species, but is consistent with results of earlier studies in the region, which have consistently found weak pollination deficits in three winter-flowering species (Narcissus longispathus, H. foetidus, Daphne laureola; Herrera, 1995a Herrera, , 2002 Herrera et al., 2001 ; C. Alonso, personal observation), but not in the summerflowering Lavandula (Herrera, 1991) .
Within-plant variation
All species studied exhibited extensive within-plant variation in pollen tube numbers, which was considerably greater than variation between individual plants. For species considered individually, the within-plant component accounted for between 68 and 92% of total population-level variance in pollen tube numbers. For all species combined, the within-plant component nearly doubled the variance as a result of interspecific and individual variation combined. Furthermore, the 15 Lavandula populations studied in 1996 were similar in the overwhelming importance of the within-plant variance component (range 76 -99%) and, for all populations combined, variation between flowers of the same plant was responsible for 78% of total regional variance. In the single Lavandula population that was sampled in three different years, the importance of the within-plant variance component remained consistently high and fluctuated within very narrow limits (87-93%) across years.
There are few comparable investigations providing data on patterns of variation of pollen tube numbers in populations of naturally pollinated plants. Within-plant variation was also a prominent source of variation in pollen tube numbers in Lindera benzoin (85% of total regional variance; Niesenbaum, 1994) ; H. foetidus (approx. 50%; Herrera, 2002) ; and Helleborus viridis (60 -85%; J. Guitián and C.M.H., personal observations). The studies of Levin (1990) on Phlox drummondii and of Honig et al. (1992) on Staberoha banksii, although they did not present formal variance partitioning analyses, also showed as much or more variation among pistils of single plants as among plants. These earlier results, along with those presented here for six species of Lamiaceae, provide compelling evidence supporting the notion that extensive within-plant variation is probably the rule in naturally pollinated populations in the wild.
The large within-plant component of variation in pollen tube numbers appears to be associated with very fine-grained variation within plants. Results shown here for Lavandula indicate that, in that species, within-plant variation was almost entirely caused by differences between flowers in the same inflorescence, which are only 3 -6 cm apart. The variance component caused by differences between inflorescences of the same plant (30-50 cm apart) was nonestimable, and thus assumed to be equal to zero, in the three study years. In H. foetidus, flowers of which are apocarpous, about half the within-plant variance in pollen tube numbers was caused by differences among styles of the same flower, which are only a few millimetres away from each other (Herrera, 2002) . In H. viridis (also an apocarpous species), 40 -80% of the withinplant variance is accounted for by differences between styles of the same flower ( J. Guitián and C.M.H., personal observation). These results suggest that the within-plant component of variation in pollen tube numbers probably arises because of stochastic variations over very short distances in the number, vigour and/or donor diversity of pollen grains reaching the stigma. Small-scale variations in pollen germinating behaviour and performance due, for instance, to variable degrees of clumping, paternal composition, or deposition patterns (Thomson, 1989; Holm, 1994; Németh & Smith-Huerta, 2002 ) may also contribute to such small-scale stochasticity.
Spatial and temporal patterns in Lavandula
The 15 populations of Lavandula sampled in 1996 differed significantly in mean pollen tube numbers per style, with extreme population means encompassing a twofold range, from eight up to 16 tubes/styles. This regional variation, however, was neither distance-dependent nor predictably related to variation in the two potentially influential environmental features considered, namely site elevation and contiguousness to permanent streams. In Lavandula, abundance and taxonomic diversity of pollinators are greatest at populations growing close to permanent streams, and decrease at populations on arid slopes (Herrera, 1988) . In the winter-flowering H. foetidus, mean size of pollen tube populations was found to decline with increasing elevation (Herrera, 2002) . Differences between Lavandula populations in elevation and proximity to streams might thus have contributed to explaining their differences in pollen tube numbers, via effects on pollinator composition and abundance, but neither variable did. Other environmental parameters not considered in this study (e.g. population differences in habitatspecific patterns of solar irradiance on the forest floor; Herrera, 1995b) might have influenced pollinator composition and could thus perhaps have contributed to population differences. Some results of this study, however, tend to suggest that regional variation in the pollen tube populations of Lavandula reflects an underlying fine-grained, inconstant spatial mosaic whose characteristics vary between flowering seasons at both amongpopulation and within-population (among individual plants) spatial scales.
Two indirect lines of evidence support this latter interpretation. First, there was a significant population-year interaction effect on mean pollen tube numbers per style for the subset of five Lavandula populations sampled in 1996 and 1997. This interaction reflected a decoupling of supra-annual patterns of variation of the different populations. In this respect, it must be noted that the five populations sampled in 1996 and 1997 were distributed over an area of only a few kilometres. Despite their close proximity, differences between populations did not remain consistent over two consecutive flowering seasons, and population means differed significantly in one year (1996) but not in the other. The second line of evidence supporting the view of a very fine-grained, temporally unstable spatial mosaic in pollen tube numbers in Lavandula comes from consideration of annual variation in individual plant means. Within populations, differences in plant means did not remain consistent across years, as revealed by the statistically significant individual-year interactions. Within sites, the ranking of individual plants with respect to mean pollen tube numbers varied drastically from year to year. This means that the shrubcentred mosaic in pollen tube numbers occurring at the restricted spatial scale of local populations was also temporally labile and inconsistent between flowering seasons.
The proximate mechanism(s) responsible for the temporal instability of the spatial mosaic at both within and between population levels may be tentatively suggested. Pollinators of Lavandula differ in frequency of pollen deposition on the stigma, number of pollen grains delivered per effective pollinating visit, and relative frequency of geitonogamous vs crosspollinations (Herrera, 1987a; 1987b) . The composition of pollinators varies between years and populations (Herrera, 1988) . Annual fluctuations of the main pollinators are asynchronous across populations (C.M.H., personal observation), which could easily give rise to the observed population-year interaction on pollen tube numbers. Within populations, differences between Lavandula shrubs in pollinator composition are mainly caused by differential location of plants on the forest floor irradiance mosaic (Herrera, 1995b) . Even though the irradiance mosaic and the location of plants will not change between years, annual variations in local pollinator composition, in combination with the differential response of species to the irradiance mosaic (Herrera CM, 1997) , might still originate a plant-year interaction effect on pollen tube numbers, as found here.
Fine-grained mosaics and microgametophyte competition
The significance of fine-graininess and temporal inconstancy in the spatial structure of variance of pollen tube numbers in relation to the evolutionary significance of microgametophyte competition in natural populations has been discussed by Herrera (2002) in the context of results obtained for H. foetidus. The present study was undertaken to corroborate those patterns in a group of species differing greatly from H. foetidus in pollination ecology and taxonomic affiliation. The results presented here corroborate the earlier results for H. foetidus, and document a situation even more extreme with respect to levels of withinplant variation and spatio-temporal inconsistency in pollen tube populations. In addition to the temporal inconsistency of differences among populations already documented for H. foetidus, this study has shown for the first time that, within local populations, individual differences in the size of pollen tube populations are inconsistent over years, which suggests a further, particularly relevant element of stochasticity. Conclusions tentatively advanced by Herrera (2002) are thus reinforced by the present study on six species of Lamiaceae. First, opportunities for microgametophyte competition and selection on competitive ability are considerable in all species, yet its likelihood and intensity are expected to vary greatly between years, regions, populations, individual plants, and flowers of the same plant. Second, the overt predominance of a withinplant, very small-scale, highly stochastic component of variance in pollen tube numbers will greatly reduce the opportunity for selection on sporophytic characters (e.g. flower or inflorescence traits) influencing degree of pollen tube competition. Third, even if local pollen donors differ in pollen tube growth rate and seed-siring ability, and their differences are heritable and remain consistent across maternal parents (Marshall, 1998; Skogsmyr & Lankinen, 2000 , 2002 , marked temporal stochasticity among maternal plants in the mean competitive environment within styles will probably lead to (1) reduction in opportunities for selection among pollen donors based on differential pollen performance; and (2) 'protection' from the eroding action of natural selection of additive genetic variation underlying differences in male competitive ability. Additional information on the distribution ecology of pollen tubes from other species and habitat types is needed to ascertain the possible generality of these conclusions.
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